The electron temperature probe (ETP) was invented in Japan in 1970's. The probe measures the electron temperature accurately and the measurement is not influenced by the electrode contamination. The instrument has low weight, low data transmission bit rate and low power consumption. The probe has been deployed in many sounding rockets, Earth orbiting scientific satellites, and Mars exploration spacecraft in Japan. The probe has also been deployed in sounding rockets in West Germany, India, Canada, USA, and Brazil. The probe has also been deployed in Brazilian satellites, Korean satellites, and recently as a Taiwan satellite payload. The manuscript describes the principle of the ETP instrument, the system configuration, the mechanical interface with respect to the sensor location, the control timing between data processing units; some useful information, the interference with other instruments, and future improvements and tasks. Some useful information for conducting performance check after the instrument fabrication and before the flight deployment is also presented in Appendix A.
Introduction
The electron temperature (T e ) is one of the fundamental plasma parameters which are needed for ionospheric research. Electron temperature has been measured by the ground based Incoherent scatter radar, satellites, and sounding rockets since in 1947 when Reifman and Dow (1949) measured the DC current-voltage curve by using Langmuir probes (Langmuir and Mott-Smith, 1924; Mott-Smith and Langmuir, 1926) on board the V-2 rocket. However, the electrode contamination is the most serious issue to obtain accurate and reliable T e using Langmuir probes. Szuszczewicz and Holmes (1975) invented a pulsed probe to remove the electrode contamination effect for sounding rocket experiments. The pulsed probe can give accurate T e values even by using conventional unclean probes. The Langmuir probe, which was installed in the DE-2 satellite, was cleaned by a system that applies high negative voltage for ion bombardment as well as a heater inside the electrode (Krehbiel et al., 1981) . However, the electrode contamination issue was not addressed in some of the Langmuir probes that were installed on recent satellites (Lebreton et al., 2006) .
The Electron Temperature Probe (ETP) was first invented by Hirao and Miyazaki (1965) and later improved by Hirao and Oyama (1970) in Japan. ETP has very simple electric circuits, consumes low electric power, and has low weight. ETP provides accurate measurement of Te in spite of using conventional unclean electrodes Oyama, 1971, 1972a; Oyama, 1975) . ETP can be operated without any extra commands to the system from the ground stations during operation, except a command to switch on/off the instrument. ETP has been flown in more than 50 Japanese sounding rockets including ones from the Showa Antarctica station Schlegel et al., 1983) . ETP was also deployed in the Copyright c TERRAPUB, 2013. sounding rockets of India, Brazil, USA, and West Germany with great success (Sampath et al., 1974; Smith et al., 1978; Schlegel and Oyama, 1987; Wilhelm et al., 1987; Piel et al., 1988 Piel et al., , 1991 Piel et al., , 1992 Rohde et al., 1993) . The probe was installed in 5 Japanese satellites: TAIYO (Oyama and Hirao, 1975) , HINOTORI , KYOKKO (Oyama and Schlegel, 1984) , OHZORA Oyama and Abe, 1987) , and AKEBONO (Oyama, 1994) . The probe was also deployed in the satellites of Korea, Brazil, and Taiwan (Muralikrishna et al., , 2004 Takahahsi et al., 2000; Lee et al., 2002) . ETP has simple design, is reliable and provides excellent data. Because the ETP system can be easily manufactured by university students, it can be considered as one of the possible instrument candidates for future student satellites, or even small earthquake-studying satellites. The purpose of the manuscript is to provide the technical information of the instrument, and encourage college students to build and study the instrument.
Electron Temperature Probe

ETP measurement principle
When a voltage is applied to an electrode placed within plasmas as shown in Fig. 1 , the probe current, which flows through the electrode, is expressed as (Mott- Smith and Langmuir, 1926) I p (V ) = I es exp(−eV /kT e ) − I i ( 1) where V is the relative potential between the applied voltage and the space potential V s . The space potential, also known as the plasma potential, is the electric potential within the ambient plasma in the absence of any probes. Typically the space potential is approximately uniform outside of the plasma sheath region. In the above equation, e is the electronic charge (= 9.1 × 10 −19 C), and k is the Boltzmann constant (= 1.38 × 10 −23 J/K), I e exp(−eV /kT e ) is the electron current in the electron retardation region where the space potential is positive with respect to the electrode, I es = en e S(kT e /2πm e ) 1/2 , n e is the electron density, S is the surface area of the electrode, and I i is the ion current. When the probe voltage is lower than the space potential, electrons are retarded, and ions are accelerated. When the probe voltage is much larger than the plasma potential, there is no longer a sheath potential to reflect electrons and the electron current saturates, and I es is called the electron saturation current. For sounding rocket experiments I i is expressed by I i = en e S(v r + v t ), where v r (∼1-2 km/s typically) is the rocket velocity, v t (∼300-500 m/s typically) is the thermal velocity of ions (mainly NO + , and O + 2 , in the ionospheric E and F regions), and the surface area S is influenced by a sheath modified by the motion of the probe. When the applied probe voltage equals to the space potential (i.e., V = 0), Eq. (1) reduces to
When the probe current I p (V ) is zero, the applied probe voltage is called the floating potential. The floating voltage relative to the space potential is calculated from Eq. (1) as
where ln is the natural logarithm. The probe is floating because the applied probe voltage relative to the space potential is sufficiently negative to repel some lower speed electrons and attract ions to maintain zero net probe current as shown in Fig. 2 . When a high frequency sinusoidal voltage is added to the sweeping voltage of a DC Langmuir probe, the currentvoltage characteristic curve shifts to the negative potential side as shown in Fig. 3 . The phenomena was first found by Takayama et al. (1960) , and later studied by many people (e.g., Buckley, 1966; Dote and Ichimiya, 1967) .
The shift of the current-voltage characteristic curve depends on the amplitude of the high frequency sinusoidal wave, a cos ωt, which is superposed on the sweeping voltage of a DC Langmuir probe. The probe current is expressed as I P (V + a sin ωt) = −I i + I e exp(−e(V + a sin ωt)/kT e ) = −I i + I e exp(−eV /kT e ) exp(−ea sin ωt/kT e ). (4) Note that because the ions are too heavy to respond to the high frequency oscillating voltage, the ion current is not affected by the oscillating voltage and remains the same value. Employing the Jacobi-Anger expansion e iz sin θ = ∞ n=−∞ J n (z)e inθ , and making use of the relations J 0 (i z) = I 0 (z), and Then, the total probe current has two parts, the DC component and the oscillating AC component. If we filter out the oscillating AC part, the probe current becomes
Then, the floating potential Vfa at which the probe current is zero for the DC component can be obtained as The floating potential shift when sinusoidal oscillating voltage with an amplitude a is applied is calculated from Eqs.
(3) and (7) as
Usually we successively apply another amplitude of 2a, and the floating potential shift is expressed as
Since V f 1 and V f 2 are on the order of 0.1-0.2 V, an amplifier with a gain of about G = 10 is needed to amplify the signal. Therefore, the output voltage from the amplifier becomes
and
As e, and k are known constant, a and G are measured, T e can be calculated from V 1 and V 2 , respectively. The T e values calculated from these two signals should be equal when the plasma thermal electrons have a Maxwellian velocity distribution. When the T e values calculated from these two signals are different, the plasma electrons are considered to have a non-Maxwellian velocity distribution or the electrons have high energy components as we discuss in Subsection 3.5.
The T e value can also be calculated from the ratio of the two floating potential shifts;
The above equation shows that if we take the ratio of the two floating potential shifts, T e can also be calculated without information on the gain of the amplifier. R takes the values between 2 and 4 as shown in Fig. 4 . 
System configuration
The ETP system consists of a 25-30 kHz sinusoidalsignal oscillator, a gate module to produce wave forms of three different amplitudes, a DC differential amplifier, and an AD converter if necessary depending on the analog or digital interface with the data acquisition system. Figure 5 shows the basic principle of the ETP system. From Eqs. (8) and (9) the amplitude of the sinusoidal wave determines the accuracy of the T e measurement. Thus, the capacitance value of the capacitor C, which feeds the sinusoidal signal, is one of the key factors because the sinusoidal voltage amplitude after the capacitor changes depending on the impedance which is a combination of the plasma impedance (related to the plasma density), the probe sheath impedance, and the capacitance of the cable connecting the electrode and the electronics. Another factor is the stability of the oscillator, which should provide a sine (or cosine) wave whose amplitude should not be changed by the ambient temperature variation. The floating potential shift includes DC as well as AC components. The combination of C 2 , R 2 , and R works as a low pass filter to filter out the oscillating signals of 30 KHz and higher frequencies. After the filter, the floating potential shift of the DC component is fed to a high input impedance amplifier. Figure 6 shows the block diagram of the ETP system. The electrode is a set of two semi-circular disks of 100-120 mm in diameter and thickness of 1.6-2 mm with 10 mm gap between the two disks. A high frequency sinusoidal voltage is applied to one of the two semicircular electrodes. Therefore, the electrodes pick up V f and V f 1 . Another semicircular electrode measures only the original floating potential V f . The signals from these two electrodes are fed to a DC differential amplifier, which gives only the floating potential shift. The electronics box contains a relay to switch on/off the power supply and two voltage regulators, and its dimension is 22 mm in height and 90 mm in diameter. The dimension of the ETP electrodes and electronic case is shown in Fig. 7 .
The ETP electrodes are best installed in the rocket ram direction to avoid the distortion of the output signal due to the wake. Thus, the top of the payload compartment is the best location. However, when the top of the payload compartment is not available, the electrodes can be first folded along the rocket axis and then deployed in the vertical to horizontal position after the rocket nose cone is opened.
In Fig. 8 , two examples of the ETP location in the sounding rocket payload compartment are shown. The left photo shows the electrode being fixed at the top of a highly sensitive magnetometer sensor. The right photo shows that two ETP sensors are folded together. After the nose cone is opened, these ETP sensors are deployed in the radial direction by the centrifugal forces due to the rocket spin. Since the ETP probe is operated near floating potential, only small currents (less than 10 −8 A) flow in the circuit line between the electrodes and the electronics. The sensor electrode can even be mounted on top of the sensitive magnetic field sensor which is designed to study the solar quiet (Sq) current system in sounding rocket experiments. Two precautions to be considered are that (1) non-magnetic screws are needed to fix the circular electrodes on the top of the magnetometer sensor, and (2) the shielding cable should be also nonmagnetic.
Summary of the instrument
For the ionospheric electron density of 4 × 10 3 − 10 6 els/cm 3 , T e is measured in the range of 500 K to 4000 K. This means that ETP can measure T e up to the height of 4000 km in the low and mid latitude of the Earth ionosphere and plasmasphere, independent of local time. To measure T e in the mid latitude trough above the height of 3000 km, where the electron density is too low for ETP measuremnt, an instrument which has been recently developed by Shimoyama et al. (2011) is strongly recommended.
Oscillator and DC differential amplifier
The amplitude of sinusoidal waves applied to one of the semicir-cular electrode should be chosen to be a = 400 mV (±5%), 200 mV (±5(±5%), 250 mV (±5%), and 0 V for satellite experiments. The distortion factor of the sinusoidal waves should be less than 1%.
The DC Differential amplifier including buffer amplifiers needs to satisfy the following requirements:
(1) Input voltage: 0-5 V.
(2) Input resistance of buffer: larger than 500 Mega-ohm.
(3) Total amplitude gain including buffer amplifier: 20 dB.
(4) Frequency response at −3 dB: 100 Hz (rise time 3.5 ms).
(5) Common Mode Rejection Ratio (CMRR) of the system: at least 40 db.
(6) Output voltage: analog output 0-5 V/2 channels (offset voltage is usually 0.5 V).
(7) One sampling duration: 400-600 ms (to get one T e value, we need 450-600 ms).
Dimension of the electrodes and electronics Electrodes:
(1) Circular disk: 100 mm in ϕ, 1.6 t printed circuit board (glass epoxy).
(2) Divided into two semi-circulars separated with 10 mm gap.
(3) Gold plated with 2-3 µm thickness.
(4) Weight: less than 200 g (support rod not included). Electronics:
(1) Weight: less than 0.3 kg.
(2) Dimension 1 (ANALOG output): 100 mm ϕ 4 × less than 30 mm in height; Dimension 2 (PCM output): 100 mm ϕ × less than 45 mm in height.
Power consumption
For analog telemetry, the volatges of the electric power are +18 V (30 mA), and −18 V (30 mA). If you need digital converted signals, the volatges of the PCM (pulse-code modulation) telemetry are +18 V (45 mA) and −18 V (45 mA). The pin assignment of the electrical connector (D-subminiature; 9P Cannon) which has been used for ETP is Pin 1. +18 V Pin 2. −18 V Pin 3. Common 0 V Pin 4. CLK pulse (for PCM interface, not needed for self running ETP) can be used to switch on/off the electronics Pin 5. Reset pulse (for PCM interface, not needed for self running ETP) can be used to switch on/off the electronics Pin 6. VF out Pin 7. Return (connected to pin 3) Pin 8. TEL out Pin 9. Return (connected to pin 3) Two analog signals (0∼5 V) will be fed to the Data Processing Unit (DPU) via two lines. One is the signal produced due to the application of sinusoidal signals (named hereafter as TEL output), and another is the satellite potential, which is referred as the satellite ground (named hereafter as VF output). These two lines should be shielded. The shielded lines act as the common ground line. The DPU receives these two signals and converts them to digital signals. 8 bits/5V AD converting is sufficient.
Regarding the interference to the sensitive wave receiver, the wave receiver surely picks up the signals from ETP. Be- cause the frequency of the sinusoidal signal applied to the electrode is known, the interfering signals can be removed by data processing.
Factors to be Taken into Account
Frequency of sinusoidal signal
The determination of the electron temperature described above includes several factors that need to be taken into account during the design phase. The first factor is related to the frequency of the sinusoial wave. This frequency should not be lower than the ion plasma frequency to avoid driving ion current response to the applied sinusoidal waves, which can cause additional floating potential shift. The ion plasma frequency is about 2-3 kHz for a plasma density of 10 5 els/cm 3 and the driving frequency is normally chosen close to 30 kHz which is much higher than the typical ion plasma frequency. The frequency can be increased up to 100 kHz in the ionosphere plasma. According to the recent laboratory experiments, the effect of the sheath capacitance is negligible for driving frequency below 100 kHz.
From Eqs. (8) and (9) the amplitude of the applied sinusoidal signal controls the accuracy of the T e measurement, we need to pay special attention to secure steady amplitude. As shown in Fig. 9 three components can influence the sinusoidal signal amplitude. Those are (1) the impedance X f of the feeding capacitor, which feeds the sinusoidal signal from the oscillator through a buffer, (2) X c due to the stray capacitance of the cable, and (3) the sheath impedance Z d due to probe-plasma interaction. The amplitude of the sinusoidal signal needs to be adjusted after the cable between the electronics and the electrode is connected. In this case, X f needs to be large enough to dominate over the effect of Z d . We discuss these effects below.
Dynamic impedance of plasma
The plasma dynamic impedance relates to the loading of the sinusoidal wave applied to one of the two semicircular electrodes (Oyama et al., 1999) . At the floating potential the dynamic impedance is given by
For sounding rockets, the ion current is mainly influenced by the rocket ram velocity (∼1-2 km/s) and the ion thermal velocity (∼1 km/s for Oxygen ions in the ionosphere). For the satellite experiment, the ion current is mainly influenced by the satellite velocity which is about 6-8 km/s and is much larger than the ion thermal velocity. Provided that the surface area of the plate is approximately 88.3 cm 2 (1/2 of the 150 cm diameter circular disk), I i can be expressed as
Here the incident angle θ is the angle between the normal of the circular planar probe and the direction of satellite or rocket motion, I i is in the unit of Amp, the area A is in the unit of cm 2 , the ion density n i is in the unit of cm −3 , the satellite velocity V s is in the unit of cm/s. For a satellite velocity V s = 7.5 km/s, the dynamic impedance Z d , which is assumed here to be resistive in the frequency range below 100 kHz for the ionosphere plasma, is expressed as
7 T e /n e cos θ
where Z d is in the unit of Ohm, the electron density ne (assuming that n e = n i ) is in the unit of cm −3 , and T e is in the unit of Kelvin.
On the other hand, the reactance of the capacitive coupling to the electrode plate from the driving oscillator is X f = 1/2π f C (see Fig. 5 for C) , and therefore the actual voltage amplitude a at the electrode plate is related to the voltage amplitude a from the oscillator by
Equation (14) shows that the amplitude actually applied to the electrode from a driving oscillator is reduced if the feeding capacitance C is not sufficiently large (so that X f is larger than or on the order of Z d ), and consequently T e is over estimated at high ambient electron densities when the feeding capacitance is small. However, it should be noted that the maximum electron density above the height of 600 km where satellites usually fly is less than 10 5 els/cm 3 . Therefore, the T e error is less than 5% if the capacitance C = 2000 pF is used. For the electron density of 10 6 els/cm 3 , T e is estimated to be about 10-15% higher than the true value for C = 2000 pF.
Based on Eq. (14), the influence of the incident angle due to the satellite motion on T e calculated from the floating potential shift can be examined for a sinusoidal wave of the amplitude of 250 mV (for a constant feeding capacitance of C = 1000 pF). We consider that T e is varied from 500 K to 2500 K and assume a constant plasma density of 10 6 els/cm 3 . The computer simulation shows that at zero incident angle, T e (the calculated T e ) is 1.6 times higher than the true T e value of 500 K, but the error decreases with the increase of ambient T e : the ratio T e /T e becomes 1.1 and 1.05 for T e = 1000 K and 2500 K, respectively. This indicates that T e , which is higher than 1500 K, can be correctly measured with C =1000 pF and n e = 10 6 els/cm 3 .
Distortion of the output signal
The analysis described above shows that the feeding capacitance C in Fig. 5 should be as large as possible. There is, however, another effect that limits this value; the capacitance influences the shape of the voltage output signal (floating potential shifts). In order to visualize this effect, the ETP output signal is monitored by an oscilloscope when the feeding capacitance C is changed between 1000 pF and 6000 pF as shown in Fig. 10(a) . It can be seen that for 1000 pF the output signal represents the ideal wave shape with exponential decay exp(−t/C Z d ) and saturation during the time span of applying a constant amplitude sinusoidal wave. Because the decay time increases with C, as C is increased from 1000 pF to 6000 pF, the output signal does not reach the saturation level before the sinusoidal wave amplitude is changed. It should be noted, however, the sinusoidal wave amplitude applied to the electrode and thus the amplitude of the output signal decrease as C decreases from 6000 pF to 1000 pF according to Eq. (14). As a compromise between the two requirements, a 2000 pF capacitor C was selected for the flight instrument.
Figure 10(b) shows the dependence of the ETP output signal with respect to the ambient plasma density. The plasma density increases with the grid voltage of plasma source which we used in our Space Plasma Operation Chamber. From Eq. (13) the dynamic impedance Z d is inversely proportional to the plasma density. When the plasma density is very low, the exponential decay time con- stant is large, and thus the output signal gradually increases and cannot reach the final saturation level. As the density increase, the wave shape becomes more step wise as we expected. In each panel of Fig. 10(b) , the blue lines show the measured signals. The red lines show the fitted curves by assuming the dynamic sheath resistance according to Eq. (13). The figures suggest that the electron density can be calculated from the exponential decay shape of the output signal. The details of the experiment on this issue will be published elsewhere in the near future.
Quality of the sinusoidal wave
The quality of the sinusoidal wave applied to the electrode might influence the accuracy of the T e measurement. In order to evaluate the effect of a distorted sinusoidal wave on the accuracy of the T e measurement, a voltage V (ωt) = a(sin ωt +k sin nωt) which includes also a higher harmonic component with a relative amplitude k is applied to the electrode and T e is calculated from the floating potential which is obtained by averaging the distorted current. The calculation concludes that T e can be accurately obtained if k is less than 1%. This level can be easily achieved without any serious technical difficulty.
Effects of two electron populations with different
T e In order to estimate the T e measurement of the ETP probe to a plasma with two Maxwellian electron populations with different temperatures, we have performed the following calculations. We assume that the plasma contains a second population with a certain mixing ratio, and the apparent electron temperature T e obtained from the floating potential shifts was calculated. A sinusoidal wave amplitude of 0.5 V was assumed for the calculation. The calculation shows that for a primary electron population with T e = 2000 K and 0.1% of a second electron population with 3000 K (or 4000 K) T e , the probe would give T e = 2050 (or 2600 K).
Enhancing the mixing ratio of the second electron population to 1%, the probe would give T e = 2600 K (or more than 10000 K) for the same T e combinations. The conclusion from these calculations is that the presence of only 1% of supra-thermal electrons influences the accuracy of the T e measurement drastically. When the electron distribution is not a Maxwellian or has a non-thermal component, the ETP measurement gives T e values different from the measurement by the DC Langmuir probe (Rawer et al., 1990) . Figure 11 shows an experimental example. The experiment was conducted when the rocket is in the midst of the Sq current system. Three measurements with different principles were tested. These are ETP, the second harmonic component method, and the DC Langmuir probe. The second harmonic method provides the energy distribution function, which can show the high energy part of electron population if it exists. Figure 11 shows the T e values at different height measured by ETP (T ep ) by the second harmonic method (T es ), and by the DC Langmuir probe. The second harmonic method measures the electron energy distribution and can identify supra-thermal components Hirao, 1983, 1985) . Note that two values of T es were measured by the second harmonic method and are shown as S-H METHOD (LOW) and S-H METHOD (HIGH). At the height below ∼200 km, T ep starts to deviate drastically from T es . T ep has the first peak value (∼2800 K) at 145 km, and the second peak value (∼3000 K) at 108 km. On the other hand, T es is much smaller than T ep below the 200 km height and is ∼1000-1200 K at the height of 120 km. However, the DC probe provides the lowest value in this case. This suggests that the electron population has a non-Maxwellian part especially in the height range of 100-120 km. Also shown in Fig. 11 is the T e values from the Mass-SpectrometerIncoherent-Scatter (MSIS) empirical model (solid line), and the shaded area at ∼120 km height shows the T e values measured by other methods such as spectroscopy.
Effect of electrode contamination
One of the ETP advantages is that it is not influenced by the electrode contamination like the DC Langmuir probe is (Hirao and Oyama, 1971 , 1972a , 1972b Oyama, 1975) . We describe here why ETP is not influenced by the electrode contamination. In many cases the surface of the electrode is not clean, and the V-I curves obtained by the contaminated electrode indicate the hysteresis. The cause of the hysteresis is considered due to the capacitance which results from the surface contamination. The capacitance of the ETP electrode contamination is estimated to be several micro-Farad due to its very thin thickness. On the other hand, ETP uses a high frequency sinusoidal wave, which makes the impedance due to the contamination capacitance small enough and can be neglected in comparison with the sheath impedance. Accordingly the ETP output signal is not influenced by the electrode contamination. As shown in Fig. 12 , the signals from the contaminated and clean electrodes are almost the same, which suggests that ETP is not influenced by the electrode contamination.
Validation of ETP Performance
Comparison with other probes
In the early stage of the ETP development, we conducted a comparative laboratory study with the DC Langmuir probe. Later the ETP measurement was compared with measurements by the incoherent back scatter radar, the resonance cone probe, and the DC Langmuir probe. Figure 13 shows the comparison of the ETP measurement and the European Incoherent Back Scatter Radar measurement (Wilhelm et al., 1987; Schlegel and Oyama, 1989) , and the agreement is reasonably good. Figure 14 shows the comparison of the ETP measurement and the resonance cone probe measurement (Piel et al., 1988 (Piel et al., , 1991 (Piel et al., , 1992 Rohde et al., 1993) . Both probe measurements show a good agreement above the height of 98 km. It is noted that both measurements show T e = 250 K at the height of 100 km, and a maximum at the height of 105 km. The maximum T e is very often seen in sounding rocket experiments at the height of 105 km, and is higher than the model neutral temperature . It is noted that the maximum height of the dynamo current layer agrees with the height of maximum dynamo current. The reason is still not clear although there is a possibility for the vibrationaly excited nitrogens to heat the electrons (Zalpuri and Oyama, 1991a, b; Shimoyama et al., 2011) . Since both probe measurements show the same feature, the measurement might be correct. The high T e below the height of 98 km is considered to be due to the aerodynamical heating. The comparison of T e measurement was also conducted in US with an ac probe which was invented by Smith et al. (1978) , with good agreement. Figure 15 summarizes the results of the T e measurement by ETP when the rocket is in the center of Sq current system. T e at the height of 100-110 km becomes extremely high during the winter at 11 O'clock local time (Oyama and Hirao, 1979a , 1979b Oyama et al., , 2000 Fig. 15 . Summary of ETP T e measurements conducted at 11 LT in the winter of the northern hemisphere. The shaded area indicates the measured neutral temperature. Oyama, 2000) . The maximum T e value increases as the solar activity increases, and the location of the observation is closer to the focus of Sq current system. At the initial stage when we obtained this abnormal T e , we thought that T e is still real. However after we obtained the calculation regarding the high energy tail, we came to be convinced that the high T e is erroneously measured in the presence of high energy tail or the second electron population with high temperature. These higher energy electrons are most probably accelerated by the potential difference between the northern and southern hemispheres. In the winter the potential near Sq focus is higher than the potential in the summer hemisphere, and there might be a potential difference which accelerates electrons toward the winter hemisphere. The detailed discussion will be published elsewhere in the near future.
Anomalous heating near focus of Sq current system
Satellite Experiments
The T e measurement by ETP has produced many papers from the TAIYO (Hirao and Oyama, 1976) and HINO-TORI satellite missions Oyama, 1994, 1996; Oyama et al., 1995 Oyama et al., , 1996a Oyama et al., , 1996b Oyama et al., , 1997 Oyama et al., , 2005 Oyama et al., , 2008 Watanabe et al., 1995a Watanabe et al., , 1995b Watanabe et al., , 1997 Su et al., 1995 Su et al., , 1996a Su et al., , 1996b Su et al., , 1997 Su et al., , 1998 Balan et al., 1997; Bailey et al., 2000; Dabas et al., 2000; Kakinami et al., 2008 Kakinami et al., , 2009 Chao et al., 2010) , the OHZORA satellite mission Oyama and Abe, 1987; Watanabe et al., 1989a, b) , and the KYOKKO satellite mission in Japan (Oyama, 1991) . The basic circuit for satellite missions is the same as for the sounding rocket experiment. The difference in the Fig. 16 . T e with local time at the height of 600 km which was measured by Japanese satellite "HINOTORI" in 1981 for three seasons, equinox, northern summer, and northern winter in the longitude band of 285-360 degrees.
circuits between the rocket and the satellite is that we need to add the command signal receiving circuit for the power switch on/off, the data processing interface for controlling the wave shape timing, and the data acquisition. These factors make the circuit box for satellites slightly larger than that for sounding rockets. Another difference between the two is the sinusoidal wave amplitude. The amplitude of the sinusoidal signal for the satellite is 500 mV, 250 mV, and 0 mV, while for the rocket experiment it is 400 mV, 200 mV, and 0 mV. T e changes, depending on the local time, the season, the longitude, the latitude, the altitude, and the solar activity. Figure 16 shows a daily survey of T e in the low and mid latitude region in the longitude band of 285-360 degree for different seasons. As shown in the top panel, the global feature is not symmetrical at equinox. In the northern hemisphere, T e is lower (higher) in the summer (winter) than in the winter (summer). The T e feature in the 135 degree longitude zone is not the same as in the 285-360 degree band. As the T e behavior reflects the electron density, the behavior is well explained to be caused by the interaction of the meridional neutral wind with the geomagnetic field with inclined angle.
It is noted that Fig. 16 does not indicate that T e changes around the Equatorial Ionization Anomaly because the data are averaged in order to make the figures. The location of the electrode on the satellite is an important issue to get correct measurement, and it is important to avoid the measurement in the satellite wake. In the past T e measured in the wake is higher than the correct value. The reason is not clear so far. In order to meet this condition, the electrode is usually mounted at the end of the supporting rod which is away from the satellite wall, or it may be mounted at the end of the solar cell panel with the electronics itself inside the satellite. The distance of the electrode from the satellite is about 10-30 cm. Although we try to avoid the sheath and wake effect, the electrode can still be partially in the sheath or wake region created by the satellite, but ETP still provides accurate T e measurements because ETP is operated at the floating potential. For the TAIYO satellite which was launched in 1975, the whole electronics box and the electrode was fixed at the end of the solar cell panel of the satellite.
In most cases, the electrode and the electronics box are separated, and the coaxial cable is used to connect the sensor electrode and the electronics, and the capacitance of the cable needs to be taken into account. The length of the cable should not be too long so that the effect of the cable capacitance is less than the feeding capacitance. Usually the cable capacitance is on the order of 50 pF/m. The requirements to the electrode mounting are summarized below:
1. The electrode should be at the place where the output signal is not disturbed by the RF signal which is transmitted from the satellite telemetry transmitter. 2. The electrode should not directly face the sunlight direction. Otherwise, the secondary electron current from the electrode becomes large (I is more than 10 −8 A), which can cause a big input voltage to the amplifier (I × 10 6 Ohm) 3. The electrode should be about 30 cm away from the satellite wall to avoid the sheath effect.
4. Measurements in the satellite wake need to be avoided. Data is used for data analysis only when the electrode is directed within plus-minus 85 degrees with respect to the satellite ram direction.
5. When the electronics is forced to be outside of the satellite where the environment temperature changes drastically, special treatments are needed to keep the temperature of the electronics moderate by wrapping with thin aluminum coated plastic sheets, such as in the case of HINO-TORI satellite, which experienced heat shock cycle in every orbit. However, the electronics survived until the termination of the mission. Figure 17 shows the accommodation of ETP in the TAIYO satellite launched in 1975. TAIYO provided first systematic measurement of T e up to the height of 3000 km. For other satellites the electrode was mounted at the end of the solar cell panel(s) and the electronics was accommodated inside the satellite (Fig. 18) . The cable between the electronics box and the electrode should take the shortest pass, and accordingly the cable length is usually about 1-2 m depending on the location of the electronics box inside the satellite. The shielding cable is used in order to avoid the interference which comes directly to the cable. The shielding cable is either connected to the common ground of the electronics or the case ground.
Future Effort
We first describe here the advantages and disadvantages of ETP. The advantages of the instrument are light weight and compact, low power consumption, low bit rate, stable performance, high measurement accuracy, and no influence of performance by the electrode contamination and the satellite potential.
The disadvantage is that the electron density must be above 5 × 10 3 els/cm 3 for the ETP probe to work. Accordingly, for sounding rocket experiments T e at around 100 km height on the night side can not be measured. For satellite experiments, T e in the mid-latitude trough can not be measured.
The maximum sampling rate is about 500 ms, which means that the detaild T e measurement inside the plasma bubble, which has not been done by anyone, is difficult. In the past the local time dependence of T e inside the plasma bubble has been reported . There is a possibility that at the edge of the bubble the measured T e might be larger than the correct value.
As we mentioned before, T e needs to be measured in the equatorial electrojet (Sampath et al., 1974) , in the E region during the night, and in the midlatitude trough in the future. However, ETP is not capable for low density plasmas such as in the night time and mid-latitude trough. To measure T e at night by sounding rockets, the use of the DC Langmuir probe with special care should be encouraged. For the midlatitude trough, a new instrument is needed such as the one we developed to measure the energy distribution function in the lower E region by combining electron multipliers and the second harmonic method (Shimoyama et al., 2011 ).
As we briefly described the effect of the feeding capacitance and the sheath resistance on the ETP output voltage, the possibility to obtain the electron density from the ETP output signal exists although the dynamic range to measure the electron density is not large. We have conducted laboratory experiments to obtain the electron density together with T e (Huang, 2011) . The experimental results showed that the electron density can be measured from the the output wave shape if a sufficient sampling rate is provided. In this case we need more bit rates to transmit enough infor- mation to know the output signal shape. In order to conduct the final data analysis, the information of satellite motion and satellite attitude is needed. The information can be obtained from the magnetometer and the sun sensor, which are usually installed in most satellites. ufactured in early stage by Shoei Electronics Co. Ltd, and later by Sunix Co. Ltd. The authors express acknowledgements to Mr. Horie and Mr. Takano, the presidents of the companies for their continuing support which lasted more than 30 years. The authors also express sincere gratitude to all rocket and satellite teams for their support. Figure A1 shows an example of ETP electric circuit for sounding rockets which produces analog signals. Two regulators for the power supply of +/− voltage and one Teledyne relay to switch on/off the power are installed. Three successive sinusoidal wave signals with amplitudes of 400 mV, 200 mV, and 0 mV are produced by the circuit (selfrunning). Figure A2 shows one of the ETP instruments for satellites. The instrument includes AD converters for output signals and circuits to receive the control signal to make the desired sinusoidal wave which is applied to one of the electrode. The wave form timing needs to be synchronized with the data acquisition unit.
Appendix A. Electric Circuit for Sounding Rockets
Appendix B. Dimension of ETP for Satellites
Appendix C. Procedure for Performance Check after Fabrication and Before Flight . The instruments prepared
After the circuit is manufactured, three items should be checked. Before the checking starts, the following instruments should be prepared:
1. Oscilloscope with higher than 10 MOhm input impedance and less than 50 pF cable capacitance. The frequency response should be higher than 100 kHz. These requirements are fulfilled by most commercially available oscilloscopes.
2. Regulated variable DC voltage generator or standard voltage generator.
3. Three sets of wires with clips at both ends with the length of about 10-30 cm.
4. Two sets of Germanium diode connected with a 20 kOhm resistor in series. Both ends should have clips. The silicon diode is not acceptable because the diode current starts to flow at 0.5 V, which is too high for the system check because the sinusoidal wave amplitude for operating the ETP probe is 500 mV (400 mV) for satellites (Rockets).
5. Note books and pencils.
. Checking procedures
Step 1. Confirm by using an oscilloscope that a sinusoidal signal appears at one of the electrodes. The amplitude should be 1000 mV p-p (0.8 V) and 500 mV p-p (400 mV), and 0 mm Volt (0 mV) successively for satellites (rockets). Although the sinusoidal wave amplitude a is not necessary to be exactly 500 mVp-p (400 mV) and 250 mV (200 mV), and 0 mV, the amplitude should be measured within 5 mV accuracy, as we stressed that the amplitude is a key factor to calculate T e as Eqs. (6) and (7) show. It is desirable however to adjust the amplitude at the normal level of 1000 mV (800 mV) and 500 mV (400 mV) from the beginning because it is not necessary to remember the value of the amplitude.
Step 2. Adjust the CMRR of the differential amplifier, set the offset output voltage, and know the total gain of the differential amplifier exactly. CMRR should be is more than 40 db.
Clip both semicircular planar electrodes with short wires. Connect one end of a wire to an electrode, and the other end of the wire to a standard voltage regulator. Then, connect one end of another wire to the ground of the electronics and the other side of the wire to the ground of the standard voltage regulator. The floating voltage output of the ETP needs to be connected to the oscilloscope. After these connections are completed, switch on the ETP electronics first and then the standard DC voltage generator. By watching the output signal of the electronics, increase the input voltage of the standard voltage generator from 0 to 5 V with 0.5 V increment step. The output signal variation which is caused by changing the input voltage should be less than 50 mV (CMRR is larger than 40 db). After you adjust the CMRR, then adjust the offset voltage of the output signal to 1 V. This is to avoid the output signal from becoming negative in the worst case in space experiments. The AD converter usually converts analog signals of 0-5 V to 8-12 bit digital signals.
Step 3. Check the total gain of the instrument. Connect the RF electrode to the voltage regulator and the other electrode (no RF) to the ground.
Reduce the input voltage from 0 to −0.4 V with 0.5 V increment step. Then, the output voltage should change from 1 V to 5 V since the offset output voltage of the differential amplifier has been set to 1 V. Finally we should see the floating potential output. Apply 0-5 V to the electrode (no RF), and make sure that the output signal changes accordingly. These steps conclude the checking of the electronics.
Step 4. As a final step, connect a Germanium diode (not Silicon diode) and a 20 kOhm resistor in series to each electrode. Make sure that the above connection causes the current to flow out from the electrode to the ground because in plasmas electrons flow into the electrode, which means that current flows out from the electrode. Thus, the negative side of the diode should be connected to the ground. Special care must be taken for the final test to reduce the noise from AC power lines. Especially the diode needs to be wrapped by the aluminum cooking foil, which is grounded. Finally after switching on the instrument, if you get an output signal as shown in Fig. 12 , the checking is complete.
